This study investigated the anatomical integrity of the vagal innervation to the gastrointestinal tract following Roux-en-Y gastric bypass (RYGB) in the mouse. Specifically, the surgical procedure was performed in high-fat-fed reporter mice (Phox2b-CretdTomato), in which the entire vagal innervation of the gastrointestinal tract was fluorescently labeled. As a result, our anatomical observations revealed both qualitative and quantitative changes of the vagal supply to the gut after RYGB. This included the extensive denervation of the glandular and distal stomach, and sites of surgical interventions (clipping and anastomosis). Furthermore, the stomach wall after RYGB frequently contained dystrophic axons and endings, suggestive of vagal neurodegeneration. In contrast, RYGB did not significantly modify the innervation to the rest of the intestines and glucostatic organs. In summary, the present study describes a previously unrecognized pattern of vagal remodeling and denervation following RYGB. Our findings may serve as a guideline for future investigations on the role of gut-brain communication in bariatric surgery.
INTRODUCTION
The remarkable efficacy of Roux-en-Y gastric bypass (RYGB) in reversing morbid obesity and diabetes is well documented. 1 Recent studies reported that subsets of vagal neurons are critically implicated in the antiobesity 2 and antidiabetic actions of bariatric surgery in rodents. [3] [4] [5] In addition, many of the unwanted side effects of RYGB, such as dumping syndrome, are suggestive of altered vagal communication. 6 Finally, whereas surgeons are careful not to cut the vagus nerve during RYGB, it is a reasonable assumption that the extrinsic innervation of the stomach and intestines is interrupted at the different sites of surgical intervention. 7 All the aforementioned observations combined together strongly suggest that RYGB may have a direct impact on the anatomical integrity of the vagal innervation to the gastrointestinal tract, which in turn may have a direct role in the beneficial and/or side effects of the surgery. However, there has never been a study on the integrity of the vagus nerve following weight-loss surgery because of the combined technical challenges of performing RYGB and labeling vagal neurons in laboratory animals. The current study sought to systematically survey the impact of RYGB on vagal innervation of the gastrointestinal tract and abdominal viscera in a fluorescent protein reporter mouse model, providing us an efficient manner of labeling all vagal neurons. Importantly, the surgical procedure used in this study is analogous to that performed in morbidly obese patients in terms of metabolic outcome and surgical technique. 5, 8 Therefore, we strongly believe that our findings have direct implications for the bariatric surgeon.
METHODS

Transgenic mice
Phox2b-Cre mice on a C57Bl/6 genetic background were generated as previously described 9 and crossed with tdTomato reporter mice from the Jackson Laboratory (Bar Harbor, ME, USA; stock# 007905). This mouse line was chosen because it expresses Cre in all the vagal neurons (afferent and efferent), but not in sympathetic ganglia and spinal sensory neurons. The Cre allele was detected using the following primers:
All the mice used in our study were adult males carrying one Phox2b-Cre allele and one floxed-tdTomato allele (Phox2b-CretdTomato) housed in a light-controlled (12 h on/12 h off; lights on at 0700 hours) and temperature-controlled environment (21.5-22.5 1C). The animals and procedures used were approved by the University of Texas Southwestern Medical Center at Dallas Institutional Animal Care and Use Committees.
Study design and procedure
Mice were placed on high-fat diet (42% kcal from fat; Harlan Teklad, Madison, WI, USA; stock# 88137) from weaning until they reach the appropriate preoperative weight of 45-50 g, which typically occurs by 16-18 weeks of age. Obese mice were divided into groups of 5-6 and underwent either RYGB or sham surgery, or were not operated. Owing to the complications of the surgery, two sham mice showed overt signs of illness and were removed from the study. RYGB was performed as described previously. 5 Briefly, after an overnight fast, animals were maintained under general anesthesia throughout surgery using isoflurane 1-4%, titrated to effect. Using standard sterile techniques, the gut was reconstructed using a Roux-en-Y configuration, such that the combined lengths of the biliopancreatic and Roux limbs comprised 25% of the entire length of gastrointestinal tract. Primary anastomosis was achieved via running suture. Exclusion of the distal stomach remnant and proximal intestine was achieved using a vascular hemostasis clip applied from the greater curvature of the stomach to the lesser curvature between the forestomach and glandular stomach, taking care to preserve the left gastric artery and the abdominal vagus nerve. The sham operation involved a mid-line laparotomy, dissection of the stomach from its ligamentous attachments, complete transection of the intestine, gastrotomy and primary repair (at the analogous sites as occuring during the RYGB procedure). Total anesthesia time was normalized between surgical groups. A liquid diet (elemental) was provided on post surgery day 3 and advanced as tolerated in all mice (including non-operated ones). Solid diet was re-introduced between postoperative days 7 and 8 as tolerated. Animals were killed between postoperative weeks 4 and 5. The percentage of body weight change over the considered postoperative period and number of study animals in each group (n) was as follows: (1) 3.0±3.1% in non-operated animals (n ¼ 6), (2) À 17.0 ± 1.9% in sham animals (n ¼ 4), (3) À 28.1 ± 3.8% in RYGB animals (n ¼ 5).
Histology
On the day of killing, between 0800-1000 hours, mice were deeply anesthetized with chloral hydrate (500 mg kg À 1 , intraperitoneal) and transcardially perfused with 10% formalin. Tissues of interest were collected using a dissecting microscope including liver, pancreas and gastrointestinal tract. After perfusion, the muscle layers of the gastrointestinal tract were prepared as sets of whole mounts by separation of the mucosal layer, and flattened on gelatin-coated slides. The liver and pancreas were cut (16 mm) with a cryostat and collected on SuperFrost slides after an overnight incubation in 20% sucrose. All our samples were coverslipped with Vectashield mounting medium. The tdTomato-proteinnative fluorescence was directly visualized in our samples. A total of two controls and two vagotomized (bilateral subdiaphragmatic) Phox2b-CretdTomato mice fed on chow (Harlan Teklad 2916) were used for our initial Figure 1 . Labeling of the vagus nerve in Phox2b-Cre-tdTomato mice. Schematic diagram of Cre-expressing and fluorescently labeled neurons (black) in the Phox2b-Cre-tdTomato model (a). The expression of tdTomato permits the visualization of vagal neurons in the dorsal motor nucleus of the vagus (brainstem slice) (b, c) and nodose ganglion (cryostat section) (d). Of note, the fluorescence is stable and bright enough to be visible in fixed whole mount and tissue sections without the need of immunohistochemical processing. The tdTomato protein is transported in vagal fibers to their peripheral targets including, among other examples, to the gastric wall where the entire vagal innervation to the myenteric plexus and muscularis was labeled (e). However, vagal sensory and motor, and enteric were intermingled and, therefore, not necessarily distinguishable. In addition to vagal neurons, a subset of enteric neurons in the myenteric plexus is labeled (f ). After vagotomy, vagal fibers are eliminated from the myenteric plexus but enteric neurons and their immediate projections are still visible (g). Sparse innervation was found in the gallbladder wall (h), pancreas (i), and hepatic vasculature (j). Scale: 1 mm in (b), 500 mm in (c), 50 mm in (d), 100 mm in (e), 50 mm in (f ) and applies to (g), 50 mm in (h), 20 mm in (i) and applies to (j). AP, area postrema; DMV, dorsal motor nucleus of the vagus; MN, myenteric neuron; MP, myenteric plexus, m, muscularis; MR, mechanoreceptors; NG, nodose ganglion; NTS, nucleus of the solitary tract; pv, portal vein; VGX, vagotomy; X, vagus nerve.
Vagal (Figure 1) . A total of 14 animals fed on high-fat diet were used for the surgery experiment (Figure 2 ).
Microscopy and image analysis
Tissue was processed in standardized conditions and images of whole mounts and sections were generated using a connected scanning stage of a Zeiss microscope (Imager ZI) attached to the ApoTome module. Images were obtained at Â 10 or Â 20 magnification and automatically captured with a Axiocam MRm digital camera and then stitched together with Axiovision 4.5 (Carl Zeiss, Oberkochen, Germany). The relative abundance of fluorescently labeled neuronal fibers in the myenteric plexus, liver, gallbladder and pancreas was evaluated by considering the number of tdTomato-containing bundles or fibers, using the following density scale: þ þ þ , high density; þ þ , moderate density; þ , low density; þ / À , inconsistent or absence of fluorescence. In addition, the vagal supply to the myenteric plexus was quantified using Axiovision 4.5. This was done by using a grid of six equidistant lines that spanned the entire width of a 10x image and adding the number and length (mm) of crossings that occurred between labeled myenteric fascicles and the grid. Adobe illustrator CS2 and Adobe Photoshop CS2 were used to combine drawings and digital images into plates. The contrast and brightness of microscopy images were adjusted when necessary.
RESULTS
Labeling of the vagus nerve in Phox2b-Cre-tdTomato mice
The current study employed a unique transgenic model to visualize all vagal neurons in their entirety (Figure 1a) . Briefly, Phox2b-Cre-tdTomato mice showed strong endogenous fluorescence in vagal motor and sensory neurons located in the dorsal motor nucleus of the vagus and nodose ganglion, respectively (Figures 1b-d) . The peripheral terminals of the above neurons supplying the gastrointestinal tract were also clearly labeled (Figure 1e ). This included preganglionic fibers traveling in the myenteric plexus and terminating on myenteric neurons (Figures  1e and f) . Of note, the varied mechanoreceptors present in the muscularis were not easily distinguished from vagal motor and enteric fibers, as all of the above fibers were intermingled. In Figure 2 . Qualitative and quantitative changes after RYGB in Phox2b-Cre-tdTomato mice. (a) Table summarizing relative changes in the amount of vagal innervation in different gut segments and glucostatic organs in non-operated, sham and RYGB animals. The relative density of fiber innervation based on the visual survey of the tissue was categorized using the following density scale: þ þ þ , high density; þ þ , moderate density; þ , low density; þ / À , inconsistent or absence of fluorescence. (b) Quantification of vagal supply to the myenteric plexus in non-operated, sham and RYGB animals. Innervation to both proximal and distal stomach is significantly reduced in RYGB mice compared with other groups. (c-j) Representative images of the gastrointestinal wall (whole mounts) in different segments of the gut. Briefly, a significant reduction of the vagal innervation to the stomach, as well as signs of neurodegeneration were noticed after RYGB. However, the vagal innervation to other segments and glucostatic organs was largely intact. Scale: 50 mm in (c) and applies through (f ), 100 mm in (j). m, muscularis; n/a, non-applicable; ***Po0.05 by one-way Anova, followed by Bonferroni test. Other abbreviations are indicated in (a).
addition, a small subset of postganglionic enteric neurons (B20%) displayed Cre activity (Figures 1e and f) . After a bilateral subdiaphragmatic vagotomy, only tdTomato-containing enteric neurons remained visible, whereas all preganglionic and sensory vagal fibers were eliminated (Figure 1g ). Sparse vagal fibers were also found in the pancreas, around large arteries and interlobular postganglionic neurons and islets, and in the hepatic vasculature and gallbladder wall (Figures 1h-j) . The innervation to glucostatic organs was lost after subdiaphragmatic vagotomy (not shown). In summary, using the Phox2b-Cre-tdTomato mouse, it is possible to estimate the overall pattern of vagal innervation to the gastrointestinal tract and glucostatic organs. Once again, there are no tracing or immunohistochemical techniques to visualize vagal neurons that are compatible with bariatric surgery and, therefore, the genetic approach used here is indispensable to the success of this study.
Qualitative and quantitative changes after RYGB A considerable loss of innervation occurred at all sites of surgical manipulation including at the gastrojenunostomy, jejunojejunostomy and adjacent to the site of gastric clipping on both the proximal and distal stomach (Figures 2a and b) . Adjacent to the above sites of surgery, the normal appearance of the myenteric plexus was often disrupted, and free-ending bundles of fibers were found in the muscularis compared with the normal appearance of their anatomical equivalents in sham and nonoperated animals (Figures 2c-f) . In sham animals, whereas a small reduction of innervation was apparent in the stomach adjacent to the site of gastrotomy and repair, as well as at the site of jejunostomy and repair, most of the remainder of gastrointestinal innervation was intact (Figures 2a and g ). In RYGB mice, changes in innervation were not apparent in other gut segments ( Figures  2a, b and i) or in the liver, gallbladder or pancreas (Figure 2a) . Lastly, morphological anomalies of vagal fibers were frequently observed in the myenteric plexus and muscularis of RYGB animals, most predominantly in the stomach (Figure 2j ). This included dystrophic preganglionic endings circling around myenteric neurons, and extremely swollen axons and terminals in the muscularis and adjacent nerve bundles (Figure 2j ).
DISCUSSION
Different branches of the vagus nerve innervate the stomach, intestines and glucostatic organs. 10 These branches have an important role in the regulation of food intake, glucose homeostasis and gastrointestinal motility. 11 Using a unique reporter system, the current study demonstrated for the first time that RYGB in mice is associated with both changes in the amount of vagal innervation traveling the myenteric plexus and muscularis of the stomach, as well as changes in the morphology of their terminal endings. Our findings are discussed below in the light of known therapeutic effects and complications of RYGB.
Broadly speaking, modified integrity of the vagus nerve may contribute to the many gut adaptations occurring after RYGB. For example, the observed loss of vagal gastric innervation could potentially underlie the gastric stasis and/or dumping syndrome that sometimes occur after RYGB, 6 as well as some improvement in gastroesophageal reflux disease. 12 The secretion of certain appetite-regulating peptides produced in the stomach is also under the control of autonomic nerves. 13 In addition, both gastric vagotomy and vagal inhibition have been reported to result in moderate weight loss in humans 14, 15 and, consequently, loss of gastric innervation following RYGB could be a contributing factor to its antiobesity actions.
A limitation of the applicability of our model to humans is the manner of gastric division, which is most analogous to RYGB as performed in humans via open laparotomy where the stomach is often partitioned, but not divided. While the stomach is completely transected during laparoscopic RYGB, short and long-term efficacies after open, non-partitioning RYGB and laparoscopic RYGB are equivalent. Importantly, our model of RYGB faithfully recapitulates effects of the human procedure on body mass, body composition, fecal energy losses, glucose homeostasis, and lipid homeostasis in mice with diet-induced obesity, validating both our model and methodology for studying vagal integrity post-RYGB. In addition, the extent of gastric vagal denervation observed post-RYGB was comparable to that occurring in mice after subdiaphragmatic vagotomy. Thus, no additional vagal denervation would be expected to occur after complete gastric wall transection, obviating the need to control for our method of gastric partitioning.
By contrast, the vagal innervation to the rest of the intestines (celiac branch) and glucostatic organs (hepatic and gastroduodenal branches) appeared largely intact. This is an important observation, as subsets of vagal neurons that supply glucostatic organs have been implicated in the antidiabetic actions of bariatric surgery. [3] [4] [5] In addition, an intact para-esophageal branch of the vagus, rather than its hepatic branch, 16 is necessary for weight loss following RYGB. 2 In summary, our anatomical findings serve as a guideline for further studies directed at elucidating the physiological role of gut-brain communication in bariatric surgery.
